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© Method for making artificial layered high-Tc superconductors. 



© This is a method for making layered structures of artificial high-T c superconductor compounds by which on 
top of a seed crystal (7) having a lattice structure matching the lattice structure of the superconductor compound 
to be made, oxide layers (4, 5, 6) of ail constituent components are epitaxially grown in a predetermined 
sequence so as to create a sandwich structure not found in natural crystals. The epitaxial deposition of the 
constituent components is performed in a reaction chamber having evaporation facilities, inlets for metal-organic 
gases, and inlets for background gases including oxygen. 
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METHOD FOR MAKING ARTIFICIAL LAYERED H!GH-T C SUPERCONDUCTORS 

This invention relates to the manufacture m a ^«^s«t u- «. ^ 
by means of epitaxial growth. f^^^^^TTT ^ * hwd 
mean those materia* having a transi tion teSp^rre abJJ! S ^ ^^"ctors shail 

alloys and components have been found to c qU3rter of the and over 1000 

of the metallic state of the material. H^kS^SS? S PerConduc ^ is considered a property 
cause them to superconduct A few normal IZLSKSS"."' T ^ *• °° ndi,ion « ' *« 
under very high pressure, the pressure convert™ £? £ 22t l* 3 " 11519, b9C ° m9 Conductive 
'0 Superconductors are very attractive torTe L^«l ,1 * b9COme •"P^onductcw. 
over long distances, as materia for ££JF£°£ E£3S£2 * P °" 9r 

Phys.cs. in nuclear resonance medical diagnosis and in ^nnL 9 £ * " S9 " p,asma and nucl °* 
trains. Power generation by thermonuclear SS VS^ S^SE " ^.W' te ^on of fast 
can on,y be provided by superconducting magnets CeSv' Z^Z* 7* T magne,ic fields whi <* 
» computers and high-speed signal process' g JS^5S£fflT ^ *° ^ apP ''' Ca *'" 
J.G. Bednorz and KA Muller in their paper "Possible hwTt q 
System" 2. Phys. B - Condensed Matter 64. W-lSSi nSL S S T!° ndUC,iVi,y * the *"<*C""0 
ting materials with a transition temperature in m nSdES^VFZ * Cl3SS Cf su P e ™"duo 
that one precondition for the existence S^T?S5£S2?- " meanWhil9 conflm * d 
so layered structure of the materia!. (In the IfteraSe «TSS fS? CCmP ° Si,e meta " iC oxides is *• 
type" because the structure was JSStS'S ' ,0 " WnB °' 

^TM.O. wherein RE 
in question, the RE portion may be partaTsuSLS 2 « ' f^" m9ta ' S - *» 

» ~ y a <°~^ 

member of the neighboring IIA group of elemented ^1 1 ,e ™ n *f- Is in part substituted by one 
combination of me members' of the' Z^TL^Z «*» "^ ««•«* (or by a 

.compiete such « the compound w!, ha^e ASS^?!^^*^; 

^-^^ structure.The thicxness of the 

35 are mono-molecular. However, a coupon S^een l S « n f nomet * < 10 ""' m >- the layers 
fabricating molecular sandwich structures to6^£^£ V™°^ A the0retical wa * <* 
of the desired composition and having ^ZTj^Tl^T^ M9 °' natWal c ^ sta,s 
(chemical elements, stoichiometry) is available 9 ° n ' y * V8ry limited P^eter range 

• ^T^^ZXTZ^JT^ ^ ^ ,8yered ^conductors through 
The advantage of LZE'^EwZ tS£fc2^ J ^ ' 0 ^ 0ptmal co " d ^ 
(chemical elements as well as cZpLds) UdUYf „ " d ° m h Se,ection of *• materials 
starting from natural crystals ^^^J^'^™'* ° f la * ara ■« is possibie when 

whereby a singie-crystal material is app ied to 'J^haJno Jf^ de8Crib9S 3 depOSi,ion P ro «ss 
the depositing material to atomically interface with t^b^SJTE ^ ° rientati0n - ln order ,or 
met Rrstly. the substrate surface must oresenTte *! *' h " 0 important cond i«ons must be 

sites where deposited atoms ^ a sui,ab,e of nucteation 

' ma, l° f rU UrtaCe relatiV9 ,0 9,9 da »rm^ at ° mS: M SeC ° ndly ' *• ' attic9 

9i r d t9mp9 — - d - 

- 9 ™ a p'~:^r^^^^ 
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flow over the heated substrates. The growth rate of the epitaxial layer can be made a function of the 
concentration in the gas stream of the materia] to be deposited. 

One example of a prior reference to vapor-phase epitaxy is US-A-4,058,430 which discloses a method 
for growing highly oriented compound thin films on a substrate by subjecting the substrate to the vapor of a 

5 first single element which can react with the substrate surface at a temperature sufficiently high for the 
reaction to occur, to form a single atomic layer of the first single element on the surface, and then 
subjecting the thus formed new surface to the vapor of a second single element which can react with the 
first single element at a temperature sufficiently high for the reaction to occur, so as to form a single atomic 
layer of the second single element on the surface of the first single element This procedure is repeated 

70 until the compound film reaches the desired thickness. 

In the liquid-phase epitaxy process, the material to be deposited is retained in a solution holder at 
elevated temperature, and is brought in contact with the substrate as holder and substrate are mutually 
displaced. With a plurality of solution holders in a row, it Is possible to deposit multilayers of different 
materials onto the same substrate. 

is Liquid-phase epitaxy was, for example, described by H. Nelson, "Epitaxial growth from the liquid state 
and its applications to the fabrication of tunnel and laser diodes", RCA Rev. 24 (1963) p.603. Nelson used a 
tipping system, where the substrate and the epitaxial solution are placed at opposite ends of a graphite boat 
which in turn is arranged inside a growth tube containing a high-purity atmosphere. The tube is situated in a 
furnace that can be tipped to elevate either end of the boat. The solution used consists of gallium and 

20 gallium arsenide in such amounts that saturation occurs at the growth temperature. 

The third type of epitaxy process, the molecular beam epitaxy, achieves crystal growth in an ultra-high 
vacuum environment through the reaction of multiple molecular beams with the heated substrate. The 
molecular beam sources each consist of a furnace containing one of the constituent elements of the deposit 
in a crucible. The furnaces are arranged so that the central portion of the beam flux distribution intersects 

25 the substrate. Shutters arranged on each of the furnaces permit the controlled initiation or cessation of the 
respective beam fluxes. 

One example for the great volume of literature on molecular beam epitaxy is K. Ploog, "Molecular 
Beam Epitaxy of Ill-lV compounds, Crystals: Growth, Properties and Applications, ed. LF. Boschke, 
Heidelberg, Springer- Verlag (1979). 

30 For me purposes of the present Invention, advanced techniques of the three basic epitaxy processes 
are employed, such as metai-organic vapor-phase epitaxy (MOVPE) or chemical beam epitaxy (CBE), to 
grow very abrupt interfaces and, at the same time, allow the deposited layers to be very thin through 
precise control of the growth parameters. 

The paper "Single Crystal Superconducting Y,Ba2Cu 3 0 7 . K Oxide Films By Molecular Beam Epitaxy" by 

3S J. Kwo, M. Hong, R.M. Fleming, T.C. Hsieh, S.H. Uou, and B.A. Davidson, published in Conference 
Proceedings "Novel Mechanisms of Superconductivity" June 22 through 26, 1987, Berkely, CA. f describes 
a method for preparing single-crystal YiBaaCusO?* films by thermally coevaporating the constituents of the 
films from three separate sources simultaneously onto the (100) face of SrTi0 3 . The films produced with 
this method are amorphous and have a reported thickness of about 900 nm. 

40 Another reference dealing with "thick" films (about 1 urn) is C. Webb et al., "Growth of high-T c 
superconducting films using molecular beam epitaxy techniques", Appl. Phys. Lett. 51 (15) 1987, pp. 1191- 
1193. The high-Tc superconductor reported in this reference is DyBa 2 Cu 3 07.x which has been grown onto a 
SrTiOs substrate. However, in this case, as well as in the above-mentioned Kwo et al. reference, the films 
required oxidation at elevated temperatures as a post-anneal process in order for them to become 

45 superconducting. 

The present invention is, however, not directed to such thick films but rather to the formation of mono- 
layer films, i.e. films comprising only one or very few molecular layers of a superconducting material. Of 
relevance in this connection is a paper by MA Tischler and S.M. Bedair, "Growth and Characterization of 
Compound Semiconductors by Atomic Layer Epitaxy *, Journal of Crystal Growth 77 (1986) pp. 89-94. As 

so described in this reference, growth proceeds by the sequential deposition of individual layers of atoms of 
the elements making up the final compound. For example, gallium arsenide is grown by first depositing an 
atomic layer of gallium and then an atomic layer of arsenic. The cycle is repeated until the desired 
thickness is achieved. The first atomic layer is chemically adsorbed at the substrate surface, any following 
atoms are only weakly bonded and tend to re-evaporate. This is a self-limiting mechanism which prevents 

55 the deposition of more than one monolayer at a time. The second-material atomic layer finds a fresh 
surface and again, one monolayer of atoms gets adsorbed to that new surface, if the operational parameters 
are appropriate, a chemical reaction will cause the atomic monolayers to form a monomolecular layer of the 
desired compound. 



3 



BP 0 344 352 A1 



While in the Tischler-Bedair proposal cited above the new compound Is generated from pure elements, 
in a proposal by H. Watanabe and A. Usui "Atomic Layer Epitaxy", Inst Phys. Conf. Ser. No. 83: Chapter I, 
Paper presented at Int Symp. GaAs and Related Compounds, Las Vegas, Nevada, 1086, the starting 
materials are metal halcgenides or metalorganic compounds, such as GaCI and Ga(CHa)3, and arsine ASH3. 
5 All of the references cited above, while dealing with thin film epitaxy, do not relate to the formation of 
the crystallographic structure of the superconducting compound synthesized, except that, of course, some 
of them mention that the superconducting phase must have a layered structure of the KaNIF*. type. 

In contrast, it is an object of the present invention to propose a method for making high-T c supercon- 
ductors having a predetermined crystallographic structure. This object is achieved by epitaxially growing 
to sequences of atomic layers of the elements constituting the desired superconductor compound onto 
surfaces having a crystallographic structure at least similar to the structure of the compound being made. 
The superconductor structure finally achieved can comprise from one single monomolecular layer to a 
plurality of monomolecular layers which may make up a sandwich structure. The layers may be stacked in 
regular or non-regular sequences not possible in natural crystals. The non-regular sequence, in particular, 
fs may be grown in a fractal way. The fractals are determined mathematically. 

Details of the invention will hereafter be described with respect to some examples of artificial high-T c 
superconductor materials, with reference to the attached drawings in which: 
Fig. 1 shows the crystal lattice of strontium rjtanate SrTiOg; 
Fig. 2 illustrates the crystal structure of artificial LajCuTiOs; 
20 Fig. 3 depicts the crystal structure of artificial LaaCufAIia, Zr 1/2 )06; 

Fig. 4 shows the lattice structure of artificial S^LaC^WOg; 
Fig. 5 shows the crystal structure of the orthorhombic form of YBaaCuaO?; 

Rg. 6 is a schematic representation of epitaxy apparatus suited to create the artflcial superconductor 
compounds in accordance with the invention. 

25 

One material particularly suited as a substrate in the epitaxial growth of high-T c superconductor material 
is strontium titanate SrTtOa, which forms crystals like perovskite (Fig. 1). Each titanium ion 1 is octahedrally 
surrounded by six oxygen ions 2; the bigger strontium ions 3 being disposed in the spaces in between. At 
room temperature, SrTiOs is cubic with a small unit cell, and paraelectric. At about 100 K, SrTi03 starts to 
30 undergo a cubic-tetragonal phase transition with a non-ferroelectric phase, because this phase is more 
favorable energetically. 

Another material suitable as a substrate is zirconium dioxide ZrOi, This material can even be coated 
over polycrystalline silicon bulk material, in order to minimize any mismatches in lattice constants. * 
Still another promising material is zinc selenide Zni.*Sex. By varying x, the lattice constant of this 
35 compound can be adjusted within certain borders, so as to render it essentially equal to the lattice constant 
of the high-T c superconductor material to be grown. 

Other examples of materials suitable as a substrate for the growth of high-T c superconductor materials 
include barium fluoride BaF2, and ll/Vl compounds such as zinc telluride Zn^xTe*. cadmium selenide Cdt. 
x Se„, and and cadmium telluride Cdi. x Te x . 
40 Returning to the manufacturing of artificial high-T c superconductor materials, it has been found that one 
essential feature is the layered structure of the superconducting metal oxides. The monolayer epitaxy allows 
for the generation of such layers and for a systematic variation of the layer sequences and, most important 
of the crystalline structure of those layers. Figs. 2 ( 3, and 4 show examples of layered perovskite high-T c 
superconductors that can be grown with single-valence or mixed-valence copper oxide layers separated by 
45 non-superconducting metal oxide layers. 

Another essential feature of high-T c perovskite copper oxide superconductors is the antiferromagnetic 
character of the non-conducting (i.e. undoped) oxide at low temperatures. The antiferromagnetic behavior is 
characterized by a state in which neighboring spins are antiparallei, instead of parallel. Accordingly, the 
non-conducting copper oxide exhibits a paramagnetism with low positive susceptibility that varies with 
50 temperature. 

Rg .2 is a representation of a crystal lattice of an artificial high-T c superconductor compound manufac- 
tured in accordance with the present invention. The compound is LaaCuTiOg. Its crystal structure is of the 
ABB' type and consists of a layer sequence comprising a (B) copper oxide layer 4, a (B ) titanum oxide 
layer 5, and interstacked (A) lanthanum oxide layers 6. The copper oxide and titanum oxide layers 4 and 5, 
55 respectively, consist of octahedra having metal atoms in their centers and shared oxygen atoms at their 
corners. The spaces between every four octahedra house one lanthanum atom 6 each. This crystal 
structure is grown on top of a SrTiOa crystal 7 which has essentially the same lattice constant as the 
desired superconductor materiaJ. 
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to 



mix^B' S£^ Pl ? "o* 8 rtUCtUre * LajCu(A '" 8 - 2 r '*> 0 '- 7116 'aver sequence consists of a 
E?ifi£ i£l 1 3 <A) ,anthanUm ° Xide ,ayer 9 and 3 < B > Valence C^S* oxide 

thf , . T™. 00 ,CP * 3 SfTi ° 3 ^ 11 " i,h an ^stacked lanthanum layer 12 
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Type 


Example 


Name 


Halogenides 

Alkyls 

Alkoxides 

Acetylacetones 

Cyclopentadienyls 

Carbonyls 


YCI 3 

<CH 3 ) 3 La 
Ba(OCH 3 ) 2 

Ba(OC(CH 3 ):CHCO(CH 3 )]2 

(CsH 5 ) 2 Ba 

C^HsMn^Oh 


Yttrium chloride 

Methyllanthanum 

Methoxybarium 

Barium acetyfacetonate 

Barium cyclopentadienyl 

Manganese cyclopentadten Carbonyl 



is 
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55 



Sr lTc^Z^ 1 CfyStaJ StnJC,Ure ° f * e AA ' BB ' * pe 18 shown in R 9-4- The superconductor material is 
Agafcuhe cryaL laL rests on ^ 5jS & ? £1 2ZZ£> i^T*^' 

1 coZuL sho 6 Part p ,a I Circumstances * ch0 ^ appropriate numb* oTTayS !S5EK 
the compound shown ,n fig.5. more planar CuO, layers 22 may be added "ccoroingiy, , n 

th. rnTf, d T nbed f 0 " 10 eXamp,SS ° f artificial hi 9 h - T « superconductors, the description will now turn to 

Z^Z^Z^V^"*"*- ThiS iS baSica "V 3 «*""** —*n of'vacuum evap rl 
apparatus compnsing a multchamber vessel 25 having a fast entry load-lock 26 a oreoaration rhZlTv, 
and a growth chamber 28. A typica. setup i S illustrated in Rg.6 Vessel 25 can be o^ ta ^ S 
vacuum conditions (about to- Pa) using a suitable combination of ion, c™.toJZZs£ £££ 

SSSTSJS ^ K a9n0StiC teChn ' qUeS - F0f 9xample - Wgh-^rgy electron diSS 

(RHEED) apparatus 30 may be employed to examine the substrate prior to, and the actual eoi^nZ 

tEL T*T t A S * cfr0 ™ te ' 31 be provided for monLng ^JlZ ^ttoZ 
^4 T*? P0SSib ' e teaKS ' 0ther surface «W instruments, such as SZ £ 
£ Z ' T"J b9 PlaC8d PreP8rati0n Chamb9r 27 to reduce contamination problem u 
Jrrr '" 9 SUb5trate 33 iS 00 3 trolle y 34 whic " cables * to moved between 

t2£ r P 9f0Wth C K amb6r 28 ' paSSinS Preparat,on chamber 27 Substrate 33 may be hVated b^a 

can be em.tted in the epitaxy process. These individually shuttered sources may encomoass for exa mt J 
evaporators heated resistively or by electron beam, or sources for metals in me fZ mlt^n P 
compounds, or gas sources for performing dielectric, mete, or me Jo^depostnsTn SSSISE 
gas ,n.e,s 41 through 44 are provided for introducing controlled amounts of known gls 
be J s e m«L L' S prefer3b| y orianted * ^««l Erection to facilitate the deposition of materials from the 

2ELE?ilT S ° UrC8S J'' 0 " 9 ' 1 T ° maintain 3 COnstan< distance of sources 35 «W"9h « from 
substrate 33. the sources may be arranged on a remote-controlled arcuate (or straight) slider 45 

in operas, after the monocrine substrate 33 is p,aced on trolley into vessel 
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20 Claims 



involving P ^ accorclance "* a Predetermined pattern of activity, said pattern 

. data determining which particular constituent material is to be deposited at any one time- 

35 . data relating to the period of time the exposure of said substrate (7 11 17 33 i h •„ , 

lanthanum oxide La s 0 3 is deposited onto said strontium titanate substrate (7) that in a second \J^Z 

f* 3 'r r H (4) °' ° Ctahedral CUpr0US 0xide Cu '° * *PC*d onto said^mhi ua ^ oxide monoSe 
). that ^ a third epitaxial operation a second monolayer (6) of lanthanum oxide J,Ti3 deLTSoni 
s^d cuprous oxide layer (4), that in a fourth epitaxial operation a monolayer (S) of oc tahedraT >^um 
d,ox ld e "HO, Is deposited onto said second lanthanum oxide monolayer (9 [ the * r i 552 £2 
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operations being performed under controlled conditions regarding time of exoosure concentration «# 

stolchiometrically correct and to assume a layered, octahedral structure of the ABS' type 
s *JL!T? J" 8 "° rdanC9 c,aim s ' characterized in that said sequence of four epitaxial deposition 
S ' 33 man/ 35 * e d6Sired thiCkn9SS °' ,he resulti "9 ^orSuctor compound 

of 0 LhS d l a n« C nf «° 8 1 ' cnaracl9riMd in said monocrystalline substrate (11, consists 

iSSrSdTES ?f ^ th3t 3 " rSt epitaXial ° P9fa,i0n 3 ™nomolecular layer (12) 
lanthanum oxide LajO, is deposited onto said substrate (11), that In a second epitaxial operation a 

,T T ? ° m,X8d Mum 0Xide Ali0 ' and 2irconium oxide ***0* is deport* 
deposited onto said monolayer of mixed oxides, and that in a fourth epitaxial operation octahedral cuorous 
IT*?""*?™ T S T S9COnd ™»*y» » - 'anthanum oxidase Si SS3 epK 
operations being performed under controlled conditions regarding time of exposure concentratioTo 

to be stoichumetrically correct and to assume a layered, octahedral structure of the ABB type 

a Method in accordance with claim 1, characterized in that said monocrystalline substrate (17) consists 

J0 2" ^! L3!0 ' ''.^^ onto «« monocrystalline substrate (17), that in a second eptodai 
20 operation a first monomoiecular layer (13) of octahedral cuprous oxide Cu,0 is deposited onto Sd 
lanttanum oxide layer (16 ), that in a third epitaxial operation a first monomoiecular laye? ( 5) of Ton t!um 
SL? ' S |T S,ted , T. Mid m ° n0,ay9r (13) ° f CUprous 0xjd9 ' "* in • epitSal operative S 

' I 0 " 9800 0Xid6 W ° 3 ' S d6P0S, ' ,ed 0nto ^ fifSt «""*»■*»■ monolayer (i t 
£L ,1 i « P ! °, Per f ° n 3 SeCOTd monomol ^ | ar layer (15') of strontium oxide SrO is deposited 
onto said monomoiecular layer (14) of tungstic oxide, that in a sixth epitaxial operation a Scond 

S 1 f I * Tt?- i uprous oxide CU2 ° is deposit9d «* - -coXontL 1 

ayer (15 ) and that in a seventh ep.tax.al operation a second monomoiecular layer (16) of lanthanum oxide 

n^ 0 U eP T d "Til? CUPTOUS ° Xid8 lay9r(13 ) ' *• S9v9n MM ****** operations beto 
mSZ J t\ ! Sd C ° nditi0nS re9ardin ° Dme °' 9xposure - concentration ot epitaxial source 
material, and reaction temperature so as to permit the nascent Sr,laCu,WO, crystal structure of the A^S 

or i!^ !? accordance ' with olaim 1. characterized in that said monocrystalline substrate (33) consists 

InZTTJl To ? n3te l fTi0j • ** in 3 fifSt 9pitaxjal op9rat1 ' 0 ' 1 a firet monomoiecular layer ^ S 
yttrium ox,de Y 2 0, is deposited onto said monocrystalline substrate (33). that in a second eoitaxia 

2STKJ S ZTST T ( : 9) of pyramid,c cuprous oxide Cu '° is d9posited °rSd Sm 

oxide layer (23), that in a third epitaxial operation a first monomoiecular layer (20) of barium oxide BaO is 

?K£. 7 said T° ,ayer (19) * cuprous oxide Cuja m in 8 *™ oZLTCV) 

^f^^, P ^ f , CQPP,r 0X ' de Cu0t P ° ,yh9dra 13 d9p< ? sit9d onto said barium oxide layer (20) 
2 7 ' ™ P T a ' 0Pera60n 8 S9C0nd ^o^molecular layer (20) of barium oxide BaO is deposited onto 

18? oZr Sh C0PPe/ 0, ° d ! "f^* 8, th8t i0 8 $IXth 9pitaXial 0p9rati011 a seco,ld monomoLli layer 
(18) of pyramidic cuprous oxide Cu,0 is deposited onto said second barium oxid layer (20') and that in a 
seventh epitaxial operation a second monomoiecular layer (23) of yttrium oxide is deposit I o2 ^ said 

nXs 0 ^alTt i n; 8 \ ,he MVen indiVidUa ' 0P8fa,i0nS b9i "9 Performed 'under coto S 

S aTto LZt, nZ ° ST^ : 0nC9ntr8ti0n * epitaxial m »terial. and reaction temperature, 

ZZZSEZZZ ! 1 ajCU307 ^ ,0 56 St0ichi0m9trical 'V correct and to assume a layered, 

vttH,™ o Me H th ° h d ^ aCCOfdanC ? wi,n claim 5 ' oharacterized in that said first and second monolayers (23) of 
yttrium oxide have a square planar structure. 

tw« 1 o 1 rth o r e ,ol in f^ 0 ^ 9 wrth claim 5 ' characterized in that said YBa^Or crystal comprises at least 
Sir S CM COnS,$t,nS BajCU3 ° S With 80 inters,acted sooare P'aner yttrium oxide Y 2 0, 

<t fl oll Me,,10 , d J n aCC ° rdanc9 wi,h claim 5 - characterized in that said cycle of seven epitaxial deposition 
steps is repeated as often as the desired thickness of the resulting layered structure requires 
^oiJh ^ eth0d ,o? accordance with c,ai m S. characterized in that said fourth epitaxial deposition step in 

Z lLT' ^ ° C0PP8f ° Xide CU °* iS deP0Sit9d ' iS rep98t9d at l9ast °"ce Prior to continuing 2 the 
fifth step depositon so as to create a layered structure comprising more than one layer (22) of copper oxide 
CuO« between consecutive layers (20, 20 ) of barium oxide BaO. 
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